27 2
2006 2

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.27 No.2
Feb. ,2006

Quantum and Transport Mobilities of a Two-Dimensional Electron
Gas in the Presence of the Rashba Spin-Orbit Interaction

Xu Wen* 21

(1 Department of Theoretical Physics, Research School of Physical Sciences and Engineering,
Australian National University, Canberra ACT 0200, Australia)
(2 Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China)

Abgtract : A systematic theoretical approach is developed to study the electronic and transport properties of atwo-
dimensional electron gas (2DEG) in the presence of spin-orbit interactions induced by the Rashba effect. The
standard random-phase approximation is employed to calculate the screening length caused by electron-electron in-
teraction in diff erent transition channels. The quantum and transport mobilities in diff erent spin branches are eval-
uated using the momentum-balance equation derived from the Boltzmann equation,in which the electron interac-
tions with both the remote and background impurities are taken into account in an InAlAs/ InGaAs heterojunction

at low-temperatures.
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1 Introduction

In recent years,the investigation of spin po-
larized electronic systems has become a f ast-grow-
ing research field in condensed matter physics and
semiconductor electronics, owing to the interest-
ing physics behind them and to important device
applications. It has been realized that spin-elec-
tronic (or spintronic) systems and devices can be
realized on the basis of diluted magnetic semicon-
ductors and narrow-gap semiconductor nanostruc-
tures. In the f ormer case,the spin-orbit interaction
(SOl) is achieved in the presence of an external
magnetic field,and devices can be operated even
at room-temperature. In the latter case,the SOI is
introduced due to the innate features of the mate-
rial systems, and a strong spin polarization can
normally be achieved at relatively low-tempera-
tures. At present ,one important aspect in the field
of spintronics is the study of electronic systems
with a finite spin-splitting realized from narrow-
gap semiconductor nanostructures in the absence
of an external magnetic field. The progress made
in realizing spin-split electron gas systems at zero-
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magnetic-field, such as InAs and InGaAs based
two-dimensional electron gases (2DEGs) ", has
led to recent proposals dealing with advanced
electronic devices such as spin-transistors!? ,spin-
filters’ ,and spin-waveguides'® . It is known that
in narrow-gap semiconductor nanostructures such
as quantum wells, the zero-magnetic-field spin
splitting (or spontaneous spin splitting) of the
carriers can be achieved by the inversion asymme-
try of the microscopic confining potential due to
the presence of the heterojunction'™ . This corre-
sponds to an inhomogeneous surface electric field
and, hence ,is electrically equivalent to the Rashba
spin-splitting or Rashba effect'®. The published
experimental results’”'® have indicated that in
InAs and InGaAs-based 2D EG systems,the spon-
taneous spin splitting is mainly induced by the
Rashba effect (with an SU (2) symmetry) which
can be enhanced further with increasing the gate
voltage applied. Other contributions such as the
Dressel haus term (with an SU (1,1) symmetry)
are relatively weak, because they come mainly
from the bulk-inversion asymmetry of the materi-
al” . More importantly ,the strength of the Rash-
ba spin-splitting and the corresponding SOI in
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these systems can be controlled artificially by ap-
plying a gate voltage'® , changing the sample
growth parameters!™ etc.

In order to apply spintronic systems as elec-
tronic devices such as spin-transistors,it is of fun-
damental importance to study the effect of SOI on
the electronic and transport properties of these
novel systems. At present ,one of the most power-
ful and most popularly used experimental tech-
niques to identify the Rashba spin splitting is
magneto-transport measurement carried out in
guantized magnetic fields and low-temperatures at
which the Shubnikov-de Hass (SdH) oscillations
are observable'"** I From the periodicity ,am-
plitude, and profile of the SdH oscillations, the
density and quantum mobility (or lifetime) in dif-
ferent spin branches, together with the Rashba
parameter, can be determined experimentally.
These techniques are akin to those employed in
the investigation of spin-degenerate 2D EGs in the
presence of more than one occupied electronic
subband™ . It has been observed experimentally
that in InAs and InGaAs based spintronic sys-
tems, although the electron densities can differ
significantly in different spin branches™ *!  the
guantum mobilities, determined from the ampli-
tudes of the SdH oscillations at relatively low and
intermediate magnetic fields, depend very weakly
on the SOI strength!™ . This result is in sharp con-
trast to what has been seen in spin-degenerate
(e.g. , GaAsbased) 2DEGs with more than one
occupied subband ,where both quantum and trans
port mobilities differ significantly in different e-
lectronic subbands. In order to understand thisim-
portant and interesting experimental finding and
to achieve an in-depth understanding of how SOI
aff ects the electronic and transport properties of a
2DEG, we develop a tractable theoretical ap-
proach to examine quantum and transport mobili-
ties pertinent to a spin-split 2D EG in this paper.

2 One particle aspects

For a typical 2DEG formed in the xy-plane
(taken as the 2D-plane) in narrow-gap semicon-
ductor nanostructures, such as InGaAs/ InAlAs
heterojunctions in which the growth-direction is
taken along the zaxis,the effect of SOl can be
obtained from a k p band-structure calcula-

tion™* . Including the lowest order of the SOl in-

duced by the Rashba effect, the single-electron
Hamiltonian is given,in the absence of electronic
scattering centers, by

2

Hozz—#+“—h(o><p)z+u(2) (1)

where p = (px,py) is the momentum operator in
which px= - i W/ dx, m’ is the electron effective
mass, U (z) is the confining potential energy
along the growth-direction,and 0 is the Rashba
parameter which measures the strength of the
spin-orbit coupling. Due to the Pauli spin matrices
0=0«x0y,0.) ,this Hamiltonian is a 2 X 2 matrix.
Furthermore, this Hamiltonian suggests that the
SOl induced by the Rashba effect does not aff ect
the electronic states along the growth direction.
The solutions of the corresponding Schrodinger
equation are readily obtained as

W (R =[O0 .k, 1 :-ft nle”’ . (2 ()

where k= (kx, ky) is the electron wavevector along
the 2D plane, R= (r,z) = (x,y, z) ,®is the angle
between k and the x-axis,andO0 = % 1 refers to
different spin branches in kspace. The corre-
sponding energy spectrum is given by

Bn(k) = B(k +€, = Eﬁr;ki +@k +€, (3)
with k = (k3 + k%) Y?.In Egs. (2) and (3) ,the
wavef unctiony, (z) and energy€ » for an electron
in the nth electronic subband are determined by a
spin-independent Schrodinger equation along the
growth-direction,because SOI does not affect the
electron states along the z-direction.

From the electron energy spectrum given by
Eg. (3) ,one can immediately see that in the pres
ence of the Rashba spin-splitting: (1) the elec-
tronic states are split into two spin branches in k
space and electrons are oriented perpendicular to
the electronic momentum in the 2D-plane; (2) the
energy dispersion of a 2D EG is not parabolic due
to theinclusion of the SOI term;and (3) the ener-
gy levels for the * spin branches depend strongly
on electron wavevector (or momentum) , where
the energy separation between the two spin bran-
ches is a linear-in- k term. These features are in
sharp contrast to those for a spin-degenerate
2DEG. Using Eq. (3) ,the Green’s function for a
spin-split 2D EG can be obtained,in the ( E, k) or
(spectrum,momentum) representation,as
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G (E) = [E- Ba(k) + D] (4)
Thus,the density-of-states (DoS) for a spin-split
2D EG can be determined from the imaginary part
of G (E).Inthispaper,we consider an InGaAs/
InAlAs heterojunction in which only the lowest e-
lectronic subband is present (i.e., N = n=0),
and we measure the energy from€o. In such a
case,the electron DoSin different spin branchesis
obtained as

Do (E) = 25[E- B(K] (5)
where for spin-up
_ D B
D- (E) = le(E)[l- T (6)

for spinrdown .

D. (B) :%[G(E)[“ JE N
20(- DO(E+ &) ﬁ (7

and the total DoS is

D(E) = D« (E) + D- (B) =

DO[G(E) +O(- HO(E+ &) ﬁ (8)

Here ©(x) is the unit-step function, E is the elec-
tron energy, Do = m /M hand & =0a’m /2 A.
These theoretical results indicate that in contrast
to a spin-degenerate 2DEG whose DoS is given
simply by D(E) = D¢©(E),the DoS for a spin
split 2D EG depends strongly on SOI, which re-
sultsin the following: (1) spinrup and spin-down
electrons have different DoS; (2) the DoS depends
not only on those step-functions but also on & =
(E+ &) ,because of a nonparabolic energy spec-
trum given by Eq. (3) ;and (3) for the spin-down
channel the DoS can exit even in the negative en-
ergy regime,whereas D. ( E) only exits when E
> 0. Furthermore, we note that D. (E)/ Do =
(,0.5] when E=[ &, ) ,whereas D+ (E)/ Do
=[0,0.5] when E=[0, o). Thisimplies that D.
(E) isalways larger than D+ (E) and alarger D+
( E) can be observed at alarger E. These interest-
ing features can be more clearly seen from Fig. 1
where the DoS in different spin-orbits is shown as
a function of electron energy.

The theoretical results obtained and shown
above indicate that in the low energy regime,
which is most probably occupied by electrons,the
DoSfor theé -’ branchisalwayslarger than that
for the' +' branch,and this is the main reason
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Fig. 1 Density-of-states in different spin branches
(D« (B)) asafunction of electron energy E

why electron density in the spin-down channel is
always larger than that in the spin-up channel. A
direct and important application of the DoS for a
spin-split 2D EG is to determine the Fermi energy
of the system and the electron density in different
spin branches. Applying the DoS for a 2D EG with
SOl to the condition of total electron number con-
servation and the definition v = Zf (B (k) with

f(x) being the Fermi-Dirac function,the Fermi
energy Er and electron density n in the 0 spin
branch are obtained,respectively ,for low temper-
atures T -0 ,as

_R

Er = —5(@n - K) (9)
m

and

m:&-ﬁﬁ bne - @ (10

2

for ne= K/m(ora< R fenes m’). Here, ne = n.
+ n. is the total electron density and k« = m 0/
B. For = ne < K/ we have Ef <0, and only the
lower-energy’ - ' spin branch is occupied by e
lectrons (see Fig. 1) ,with n. =0 and n. = ne
precisely at ne = kK /TT; in this case the electrons
are entirely in the' " spin branch. However it
should be noted that the condition ne < ki/Tt can
only be satisfied in a system with very low elec-
tron density and very large Rashba parameter,
which has not yet been realized experimentally.
Therefore,in thispaper ,we only consider the situ-
ation where both +spin branches are occupied by
electrons, namely the situation where ne > ki/Tt.

From Eq. (10) ,we obtain the relation
I +ok = ne - K (11)

which will be used later in the paper.
Another simple way to understand why the
presence of SOl can lead to different electron
densities in different spin branches is to look into
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the dispersion relation & (k) versus k shown in
Fig.2.In Fig. 2,the solid parabolic curve corre-
sponds to the absence of the SOI @ =0) ,i.e. ,to
ki = kf = ke. The intersections of the curves for
a£0(E+ (k) and E. (k)) with the Fermi level
Er ,projected onto the k-axis,give the Fermi wav-
evectors ke and k¢ . The difference kr - ki atO
#0 leads to a difference in k-space area Tl (kf)?
£TT (ki )®. Accordingly ,the densities n. and n-
are different when the SOI is present. Because kr
is always larger than k¢ , n. is always larger than
ns: .

Eo'(k) ! i

}
k- k

¥

Fig.2 Dispersion relation & (k) versus k for 2D EGs
The solid parabolic curve,for 0 = 0, corresponds to
the absence of SOl where ki = ki = ke. The inter-
sections of the dashed curves (E: (k)) fora #0 with
the Fermi level Er(dotted line) ,projected onto the k-
axis,give the Fermi wavevectors kr and k¢ for dif-
ferent spin branches.

The dependence of electron distribution in
different spin branches on the Rashba parameter
a and total electron density ne is shown respec-
tively in Figs. 3 and 4. These results are obtained
for an InGaAs based 2D EG structure. It should be
noted that with increasingd in Fig. 3 and/ or de-
creasing nein Fig.4,Fermi energy decreases (see
Eg. (9)) and,consequently, more electrons are in
the spin-down orbit because it has a lower energy
and higher DoS. Thisisin line with experimental
findings™® ™ ¥ . The results shown in Figs. 3 and
4 ,together with those given by Egs. (6) and (7) ,
suggest that in a 2D EG, spin polarization increa-
ses with increasing Rashba parameter and/ or with
decreasing total electron density.

3 Hectron-impurity scattering

At low temperatures, electron-impurity scat-
tering is the principal channel for the relaxation

1.00
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E
5 050"
g e
8 n,in,
= 0.25
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Rashba parameter a/(eV-m)

Fig.3 Electron density s in different spin chan-
nels as a function of the Rashba parameter 0 at a
fixed total electron density ne= n.+ + n.
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Fig.4 Dependence of electron distribution in the
+ spin branches on total electron density at a fixed
Rashba parameter

of electrons in semiconductor-based 2D EG sys-
tems. For a modulation-doped InGaAs/ InAlAs
heterojunction ,the main sources of electronimpu-
rity scattering come from the ionized remote-im-
purities in the InAlAs layer and from the charged
background impurities in the InGaAs layer. The
Coulomb potential induced by electron interaction
with charged impurities takes the form
ze 1

V(R- Ra) = K le'Ral (12)
where the impurity is located at Ra = (ra, za) =
(Xa,Ya,Za), Z is its charge number ,andK is the
static dielectric constant of the material. In the
absence of electronmelectron (e-e) screening,this
potential results in an electronimpurity interac-
tion Hamiltonian in momentum representation af-
ter the Fourier transf ormation
%ﬁeze- a2zl gia ()
where q= (gx, qy) is the factor of the Fourier
transform, which corresponds to the change of
electron wavevector (or momentum) during an

Hei = (13)
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electron-impurity scattering event. For electron
interactions with charged impurities in an elec-
tronic system,we may assume that the system un-
der study can be separated into the electron of in-
terest and the impurities, i.e. ,|O,k, n;c =|0,Kk,
n|c where| c represents the state of the im-
purity system. Thus,the matrix element for elec-
tronimpurity interaction is obtained as

2
Kq Wni(za) X

Fin(q,za) ho @) e "Dy kg (14)
Here, ni(za) =| ¢ | c |?istheimpurity distribu-
tion along the growth-direction under the assump-
tion that the impurities are uniformly distributed
along the xy-plane, Fun (q, za) = [ daPa (2) X
Wa(z)e 9% % js the form factor for electronim-
purity scatteringin a 2D system,and ho 0) =[1+
00 x (cof - isif) ]/ 2 is a spin-dependent matrix
element with® being the angle between K and k.
For the case where only the lowest electronic sub-
band is present, we have

2
Uss (g, Ra) :ZT??“‘ Jni(za) x

Fo(q,za) ho @) e "Dy keg (15)
with Fo (g, za) =[dz|Wo (z)|%e 9% %! From
Egs. (14) and (15) ,we see that similar to a spin-
degenerate 2D EG,the element of the electron-im-
purity interaction matrix diverges in a spin-split
2DEG when g —0. Hence, it is necessary to in-
clude the effect of e-e screening on electron-impu-
rity scattering.

U?‘fn,c'c ( q,Ra) =

4 Dielectric function matrix and
sreening length

We now study the many-body effects of a
2DEG in the presence of SOI. Applying the elec-
tron wavef unction given by Eq. (2) to the eein-
teraction Hamiltonian induced by the Coulomb
potential ,the space Fourier transform of the ma-
trix element for bare e-e interaction can be writ-
ten as

Valcff4'”1”2"3"4(k'q) =
O kv i quds Rf d° RWs,kn, (R1)Wo,kn, (R1) X

el T o 7l Wo,k n, (R)Wo, i n, (R) (16)
where V4 = T €°/K . From now on,we consider
an InGaAs/ InAlAs heterojunction in which only
the lowest electronic subband is present. After de
finingB = ©'C) for electronic transition from the

0' branch to theO branch,the bare e-e interaction
in the presence of SOl becomes
Ve (k,Q) = VqGO(Q) X

|LeBh,  BBaiy 5] )

where Go () =[dzfdz|Wo (z)|?|Wo (z2)|%e” 9% 2!
witho (z) being the ground-state electron wave-
function along the growth-direction, A = (k +
gcosP)/| k+q ,Bw = gsinP/| k+ g , and{ is the
angle between k and q. It should be noted that in
contrast to a spin-degenerate 2D EG for which the
bare ee interaction does not depend on k**!,
Vi (k, g for aspinsplit 2D EG depends not only
on g but also on k, because the spin splitting de-
pends explicitly on k.

From the electron energy spectrum given by
Eq. (3) ,we can derive the retarded and advanced
Green functions for electrons when the effect of
SOI is taken into consideration. Applying these
Green functions along with the bare e-e interac-
tion to the diagrammatic techniques to derive ef-
fective e-e interaction under the random-phase
approximation (RPA) , we obtain the effective e
e interaction as'*®

V' Q:k,9 =
Here,
p (Q;k, 0 =00 (K - Vi (k,9My (Q;k,0q
(19)
is the dynamical dielectric function matrix ele-
ment and

rlo‘c (Q,k,O) =

5 Q;k,09 Vy (k,9 (18)

flE(k+g]- flB(K]

Qb (k+9 - B(K + 0

is the pair bubble or density-density correlation
function in the absence of e-e interaction, with
f(x) being the Fermi-Dirac function. For a spin-
split 2DEG, the effective e-e interaction and the
dielectric function matrix depend not only on q
but also on k,in contrast to a spin-degenerate
2D EG. After summing the dielectric function ma-
trix over k and noting ZquI'Ido Q:k,g9 =0, the

dielectric function matrix for a 2D EG with Rash-
ba spin splitting is obtained as

1+ a 0 0 au
0 1+ a a 0
Q =
Q,q 0 & 1+ a 0
ar 0 0 1+
(20)
Here, the indexes 1=(+ +), 2=(+-), 3=
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(- +) and 4= (- - ) are defined in regard to
different transition channels and a; = a; (Q, q) =
- (Ve (q)/2) Z(li Al (Q: k, g) where the
upper (lower) case refersto j =1 or 4 for intra
SO transition (j =2 or 3 for inter-SO transition) .
Moreover , the inverse dielectric function matrix
for aspin-split 2DEG is

1- a 0 0 - ar
0 1- & - & 0
TQ = \ \
€. 9 0 - & 1- as 0
- a 0 0 1- ar
(21)

where a' = au/ (1+ & + &) , @ = &/ (1+ a +
a),a = al/ (1+ a + a),and ar = a/ (1 + a
+ as).

With the inverse dielectric function matrix,
we can calculate the matrix element for the elec-
tromimpurity interaction in the presence of ee
screening , through the definition Ui ( g, Ra) =

Z i'(q) US(q,Ra).Here (g = @Q -0,

g) is the element of the static dielectric function

matrix. Using Eq. (15) ,the square of the matrix

element for the electron-impurity interaction in

the presence of e-e screening becomes

| Us(aB) |* =] Us(aB) |* =] Us (aB) | D ke
(22)

for intraSO scattering,and

| U2(aB) |* =] U:(aB) |* =] U- (qB) | B g
(23)

., | zef|?___ _hse @)
|Ui (q,e)| - k [q+Ki(q)]2x

dZani(Za) F(Z)(q,za) (24)

for inter-SO scatteri[\g. Here,

in which the contribution from the impurity dis-
tribution along the growth direction has been
summed over, h: @) = (1 £cod)/2,and the in-
verse screening lengths for intra and inter-SO e-
lectronic transitions are,respectively,

Ki (@) = glau(q + a(Qg] =

- ‘?VqGo(q) S A
LBkt Q- f[E)]

E(k+q - B(K (25)
and
K- (a) = gla(qg +a(qg] =
-levqeo(q)az(umq) x
flE(k+ql- f[Ea(K] (26)

B(k+0 - Eo(K

After carrying out the angle integration,we have

_16em” “
Ke () = — Go(q) zJ‘dex
fl B (K ]k(k+ q)

2k + g+ DTDk) (k+ g+| k- qg]) H’i(kaQ)
(27)
where
H (k,q) = __JELJ'K(A) +T1 (AB: ,A) +
9(g + Dk
4K(K +0k) [T(AC: . A) -TH(AB.  A)](28)

K(x) is a complete elliptic integral of the first
kind [T(n,x) =M @t/2,n,x) isacomplete elliptic
integral of the third kind,A=(k+ q-| k- q])/
(k+qg+| k- ql),B:=[(2k+ g/ g]*", and C:
=[(q- Dke) = (2k + q+ Dka) ]**. For the case
of alow-temperature limit (i.e., T -0), we ob-
tain

_16€m” i
K: (q) = —r Go(Q) zIO dk x
k(k + q) *
(2k+q+ZIka)(k+q+|k-q|)HU(k’q)
(29)

These results imply that in the presence of SOI,
the intra and inter-SO transitions have different
screening lengths under the RPA approach. In
particular ,we note that in along wavelength limit
(i.e., g -0 which means that the e-e interaction
does not change the electron wavevector or mo-
mentum) , K+ (g) —o whereas K. (q) -0.

5 Spin-dependent quantum and trans
port mobilities

From the above presented results,we obtain
for the electronic transition rate given by Fermi’s
golden rule

Woo (K , k) =

L | U (a8) 1B [ B (K) - B (0]

(30)
which is the probability for an electron to be scat-
tered from astate |0, k > to a state |0' , kK > due
to screened electronmimpurity scattering. We now
consider aweak DC electric field Fx applied along
the 2D-plane (taken along the x direction) of a
2D EG. In the steady state the corresponding semi-
classical Boltzmann equation, for nondegenerate
statistics,reads
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eFy o (K
TR ok,
3 Lo () W (k) - (1) W (K 0]

(31)
where fo (k) is the momentum-distribution func-
tion for an electron at a state |0,k >. We assume
that fs (k) can be described by the drifted energy
distribution function fo (k) = f (B (kx- m w/ h
ky)) ,where w is the average drift-velocity of an
electron in theO spin branch along the x direction
due to the presence of Fx. Then the momentum-
balance equation'*’*® can be derived by multipl-
ying kx with both sides of the Boltzmann equation
and by summing over k.In doing so,we have

£,
z Z[ Kifo (K Woo (K ,K) - kxfo (k) Weo (K ,K) ]

(32)
For weak driving fields Fx we assume w < Hkx/
m’ and obtain

fo(k) =
h(xVU (l +0Ka/ k) f' ( E) | E= & (K
(33)
where f' (E) = o (E)/ dE. Thus the momentum-
balance equation gives

n = Z[u‘iam - UG G ] (34)

HereM$ = w/ Fxis the transport mobility for an e-
lectron in spin branchO and

&)=l
Goo e VZ K' «

kx (1 +0ka/ k) Woo (K , k) f' (E) | e= E (K (35)
It can be seen that the term Bss is induced by
small-angle scattering between K and k. Hence, by

definition,the quantum mobility of electrons in
spin brancho U%, is given by

1 _ 1
o - Boo 36
My o z (36)

The transport mobility Y% ,in different spin bran-
ches can be determined by solving Eq. (34) ,which
reads

f(&(K) -

(Bs - Ci+B)n:+ Cn.

He = (B1- Ci +B3)(Bs- Cs+B2) - CGCs
(37)

and

Hi = Cin:+ (B - C +Bs)n

- (B1- Cl+B3)(B4' C4+Bz) - GG
(38)
Here,again,1=(+ +),2=(+-),3=(- +) and

4= (- -) correspond to different channels for e-
lectronic transition. From the quantum and trans-
port mobilities, the quantum and transport life-
times for an electron in different spin branches
are given respectively by T = m 'M%/ e andT¢ =
m[$/ e. Furthermore,the average transport mob-
ility ,measured in a conventional transport experi-
ment ,is given as

+ N - L
p, = Mottt ; f (39)

Using Eq. (30) we obtain,for electron-impu-
rity scattering,

Boo - m ® k
Go) 4’ IEJ’O&J-O dk Imk[kaocoﬁJ X
| U (g8) |7 (B) | =5 (40)
Here, q = /Ko + K> - 2kkoco® and ko = k -
©' -0) k«. For low temperatures,i.e. , for T -0,
we have f' (E) = & (E)/ dE= -0 (Er - E) with Er
being the Fermi energy. Then we obtain

Boo m "2 kKoo k
= 5 X
Goo q1 ﬁe k +Oka] o |@‘0CO§
| Uo (qB) |? |- frg (41)

After using Eq. (11), for different transition
channels we have
B:
C

I 1 )
J’Ocﬁ[coﬁJ | U+ (a9) | (42)
with co= m?ne JMtn. /(a1 BeaT ne - k) and
q1:4J][f n.sin@/2) ,

B2 n 1
= - (qg. B) |2
C COJ-O&{ Jne I n COQJ U (g 9)

=2c(ns / n )2 (ns/ ne) %

(43)
with g- =2Jtne - T ne- k)cod
Bs Tt n/ n 2
= o “ (q. 0
[CJ CJ-OCB 0 | U. (g- 9) |
(44)
and
Ba| _ T 1 2
[Cj =2c(n. / ne)IoCE[mﬁJ | Us (e 9) |
(45)

with qa =4 J]',[Tsin ®/2) . These results indicate
that corresponding to different electronic transi-
tion channels due to electromimpurity scattering,
the change of the electron wavevector or momen-
tum q is different. For intraSO scattering, ki =

NE[ n. and gq=aq: =[0,4 JIE n. ] for a transition

within the’ +’ spin branch,and ks = hﬁf n. and
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g= 0o+ =[0,4 Jﬁ n. ] for a transition within the

- ' branch. Whereas f or inter-SO scattering, q =

q- =[2k,2 Jn. - ki ] is the same for both a
transition from the' +' spin branch to the'
branch and a transition from the* - ' branch to
the' +’ branch. Furthermore, g -0 can only be a
case for intraSO scattering. For inter-SO scatter-
ing, q#0, which implies that an inter-SO transi-
tion can only be achieved via varying the
wavevector (or momentum) of an electron, be-
cause the spin-splitting depends explicitly on elec-
tron wavevector.

6 InGAY InAlAs heter ojunction

In an InGaAs/ InAlAs heterojunction,the im-
purity scattering comes mainly from: (1) ionized
remote impurities within a narrow space charge
layer in the InAlAs region with a concentration
N: at a spacer distance s from the interface, due
to modulation-doping; and (2) charged back-
ground impurities with a depletion charge density
Nep and a depletion length d in the InGaAs lay-
er ,due to the effect of depletion.|n general ,these
impurity concentrations and their distributions a-
long the growth-direction are not well known,be-
cause the ionization of modulation-doped impuri-
ties (including deep-centers) and the depletion
length and charge density of the background im-
purities are not easily determined experimentally.
In conjunction with a typical spintronic device re-
alized from an InGaAs/ InAlAs heterojunction'” |
in this paper we model the remote and back-
ground impurity distributions respectively as

ni(za) = NO(za + 9) (46)
and
Nb(za) = (Nae/ d)O(za) (47)
These assumptions are mainly based on the fact
that the width of the charge layer for modulation-
doping is relatively narrow and the depletion
length in the InGaAs layer is much longer than
the effective thickness of the confining potential
for electrons.

In the present work ,we apply the usual trian-
gular well approximation to model the confining
potential normal to the interface of the hetero-
junction and use the corresponding variational
wave function for the ground subband™. Thus,
the square of the electron-impurity interaction

matrix element induced by scattering with remote
and background impurities is given respectively by

| Ui (gB)|? = N Mk x
h: ©) e 2®
> 5 48
g+ Ke (@)~ (x+1) (48)
and
b 2 ZLZEEZ_h:_@)_
Us: ¢} = Nb 2
[ U= {ab) | [ kJ[q+Ki(q)]x
® + 4+ 4 2+ +
4x(x +1)° (49)

where x=qg= b, Ns = Nan/ db and b=[ (48T m~
x €/ k B](Nup + 11 ne/32) 1"° defines the thick-
ness ( =3/ b) of the triangular well. These results
indicate that similar to a spin-degenerate 2DEG,
electrons in a heterojunction interact more strong-
ly with background impurities than with remote
impurities, especially when g —-0. This is mainly
due to the fact that background impurities are |o-
cated in the layer where the majority of conduc-
ting electrons are. The form factor for the ee in-
teraction is

3 +9x+8

8(x+1)° (50

Go(q) =

7 Numerical resultsand discussion

The results of this section pertain to InGaAs/
InAlAs heterojunctions at low temperatures. The
material parameters corresponding to InGaAs are
taken as follows: (1) electron effective mass m~
=0.042 me with me being the rest-mass of an e-
lectron; (2) static dielectric constant k =12.9:;and
(3) the typical depletion charge density N = 2
x 10" cm™ 2. Furthermore, the electron distribu-
tion n: in different spin branches is determined
using Eq. (10) (also see Figs.3 and 4) . In the cal-
culations, the charge number of an impurity is
taken to be Zz=1.

7.1 Sreening length

From the results presented in Section 5, we
know that for electronimpurity scattering at |ow-
temperatures,the change of electron wavevector
or momentum (i.e. , q depends on electron densi-
ty v and angle®) differs for different transition
channels. Thus,in order to study the effect of ee
interaction on transport coefficients induced by
electron-impurity scattering,it is convenient and
usef ul to look into the angular dependence of the
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Fig.5 Inverse screening length Ks(q),s= %, for
transition within the' *’ spin branch as a function of
angle® at afixed total electron density ne and a fixed
Rashba parameterd  Here,0 is the angle between the
initial electronic wavevector (or momentum) k and
the final wavevector K, q1 = 4 ﬁsin ®/2) for a

transition within the' +’ branch, gs =4 .'vlthin@/
2 ) for atransition within the' - ' branch , q- =
2 .Jl[ Ne- (T ne- k&)cod for inter-SO transition, and
n: is the electron density in the' %’ spin branch.
Note that K. (qg-) is negative.

screen length for different transition channels. In
Fig. 5, the inverse screening length K: (q) is
shown as a function of 6 (the angle between the
initial wavevector k and the final wavevector K
during a scattering event) at afixed total electron
density ne and a fixed Rashba parameterd. From
these results,we note that: (1) | K: (qg)| decrea
ses with increasing® ,which implies that a strong
effect of e-e screening can be achieved at small
scattering angles; (2) for intraSO transition with-
inthe' +' or' - ' spin branch, K: (q) -+
when® -0(i.e.,q -0); (3) K. (qg) for inter-SO
transition is negative and finite when® = [0 T ];
(4) at afixed®, K. (qi) for a transition within
the' +’ branchis always larger than K. () for
a transition with in the - ' branch;and (5) at a
fixed® ,the inverse screening lengths induced by
intraSO transitions, K: (o) and K. (), are
much larger than | K. (g-)| induced by inter-SO
transition. Moreover ,it should be noted that at a
fixedO ,because the transition from the’ " spin
branch to the’ +’' spin branch corresponds to the
same q asfor the transition from the® +' branch
to the' - ' branch, the screening length is the
same for inter-SO transition channels.

The influence of the strength of SOI and to-
tal electron density on angular dependence of the
inverse screening length isshown in Figs.6 and 7,

respectively,for transitions within the' +' and

- ' spin channels. These results indicate that for
intraSO transitions, K+ (q) increases with in-
creasingd or with decreasing ne. Together with
those obtained for electron distribution (or spin
polarization) shown in Figs.3 and 4 ,an important
conclusion we can draw is that the inclusion of

q=4(wn )" sin(0/2)
n=2x10"em™

p—
>

T
v

5 EA
3 4.:\\\
= | N
3 s g=5x101eV-m
S S NI N
Sx1gr T ..m.,“..:“—m_“
> T

Ei
WO
2
3
o
i — I . " -
0 30 60 90 120 150 180
0/(°)
Fig. 6 Angular dependence of inverse screening

length K. (g) for transition within the’ +’ spin
branch The results are shown at a fixed tota elec-
tron density nefor different Rashba parametersa (up-
per panel) and at a fixeda for different ne (lower
panel) .

SOl can enhance the effect of e-e screening in a
2DEG for intraSO transitions. From Figs. 6 and
7 ,we note that K. (qg:) (induced by a transition
within the +' branch) depends more strongly on
0o and nethan K. (qs) (by atransition within the
‘ -7 branch) does. The dependence of the inverse
screening length induced by an inter-SO transition
on the Rashba parameter and total electron densi-
ty is shownin Fig. 8. We see that in the small© re-
gime - K. (@) increases with decreasingQ or in-
creasing ne,whereas at IargeB, - K. (q) increa-
ses with increasingd or decreasing ne. Thus,for
inter-SO transitions,the SOI can reduce the eff ect
of e-e screening in the small angle regime and en-
hance the screening effect at large©.

The results shown in Figs.5 8 indicate that
in the presence of SOI ,the screening length of a
2D EG differssignificantly for different electronic
transition channels. In particular,the e-e screen-
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Fig.7 Inverse screening length K. (g) for a transi-
tion within theé - ' spin branch as afunction of® In
upper (lower) panel,the results are shown at a fixed
total electron density nefor different Rashba parame-
tersd (at afixedd for different ne).
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Fig. 8 Angular dependence of the inverse screening
length for aninter-SO transition Notethat K. (q) <
0 and K. (q) isthesamefor transitionsfrom the -’
branch to the' +' branch and from the’ +’ branch
tothe’ - ' branch. The upper (lower) panel shows
the results at a fixed total electron density (Rashba
parameter) for different Rashba parameters (total e
lectron densities) .

ing affects more strongly the intraSO transitions.

The main physical reason behind this important
effect is that the inter-SO transition due to eein-
teraction requires the change of electron wavevec-
tor or momentum, because, again, the spin-split-
ting depends explicitly on electron wavevector.
Furthermore, over a wide regime of 6 or q,
| K:(g)|=10° 10° cm ', similar to the inverse
screening length for a spin-degenerate 2D EG.

7.2 Quantum and transport mobilities

Here we study the quantum and transport
mobilities in different spin branches due to elec-
tron interactions with remote and background im-
purities in an InGaAs/ InAlAs heterojunction. Al-
though the concentrations N: and N, for remote
and background impurities are normally not
known,one may assume that N ne and N; >
Nbo. The former assumption is based on the fact
that the conducting electrons in the InGaAs layer
come mainly from ionized donors modulation
doped in the InAlAs layer. The later assumption is
made for the case of a high quality sample in
which the background impurity concentration in
the InGaAs layer is low. As has been shown in
Section 6, electrons in a heterojunction interact
more strongly with background impurities than
with remote impurities. Hence,although the con-
centration N is relatively low , background impu-
rities can significantly affect the transport proper-
ties of a sample.

From the results presented in Sections 5 and
6,we know that the square of the matrix element
for electronimpurity scattering via inter-SO tran-
sition is not divergent over the whole defined re-
gime of g or@. Together with the fact that the e-e
screening relatively weakly affects the inter-SO
transition (see Figs.5 8) ,inthe present study we
only include the effect of e-e screening for an in-
tracSO transition induced by electron-impurity
scattering. Substituting s in Egs. (42) (45) the
factors Bos and Go induced by scattering with re-
mote and background impurities can be calculat-
ed. Then the quantum and transport mobilities in
different spin branches can be obtained, respec-
tively,by using Egs. (36) (38). Moreover, the
average transport mobility is given by Eq. (39).

The dependence of the quantum and trans
port mobilities in different spin channels,u% and
M?,on the Rashba parameter O is presented in
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Fig.9 for the fixed ne(total electron density) , N«
and N, (remote and background impurity concen-
tration) ,and s (spacer thickness). We see that o-
ver a wide range of d ,the differences between the
quantum mobilities Mq and Mg and between the
transport mobilities Ui and M are relatively
small, in contrast to the electron distribution
shown in Fig. 3. A pronounced diff erence between
Mq andHg and betweenMd: andH: can only be ob-
served at relatively large values of O. It can be
seen that the difference between [ and Ui de-
pends more strongly ond than that between Mg
andU, does,especially at large values of 0. At a

large value of 0 ,most of electrons are in the'

spin branch (see Fig.3) and,consequently ,the av-
erage transport mobility H: is determined mainly
by n. andH: . It isinteresting to note that similar
to a spin-degenerate 2D EG'™' | the transport mob-
ility U is much larger (about 5 times) than the
quantum mobilityM in aspin-split 2DEG. Again,
similar to a spin-degenerate 2D EG with more than
one occupied electronic subband, where larger
transport mobilities have been found in lower e-

lectronic subbands

1 '3 larger transport mobility

can be observed at a lower energy-level , here the

" spin branch in a 2DEG with SOI.

The physical reason behind the rather small

diff erence of the electronic quantum mobilities in
different spin branches is that,in contrast to a
spin-degenerate 2D EG with more than one and
fully quantized occupied subbands,the strength of
the SOI and the separation of the * branchesin a
2DEG with SOl depend heavily on the electron
wavevector k. Because the quantum mobility
measures the strength of small-angle scattering,
assessed experimentally from the SdH oscillations
via the Dingle plot!™ | elastic and small-angle
scattering implies a small momentum exchange
between the two spin branches during a scattering
event. As a result,the difference in the quantum
mobilities between the two spin branches is rela-
tively small in comparison to that in the transport
mobilities. Roughly the same quantum mobility in
different spin branches have been observed exper-
imentally in InGaAs-based 2D EG systems'™ . The
results shown in Fig. 9 suggest that a much largerQ
is required in order to see a significant difference
betweenMq andMg .

The dependence of M5 andU$ ond is shown in
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Fig.9 Quantum and transport mobilities in the *+
spin branches M4 andM{ ,as a function of the Rashba
parameter (0) for the fixed total electron density
(ne) ,remote and background impurity concentration
(N; and Np) and spacer distance (s) Herel; isthe
average transport mobility (see Eq. (39)) .

Fig. 10 at a fixed remote impurity concentration
N: for different background impurity concentra-
tions Nv. We see that although N» here is much
smaller than N:,the background impurity density
strongly affects the value of the quantum and
transport mobilities. This feature is in line with
that observed in a spin-degenerate 2D EG. It can
be found from Fig. 10 that with increasing the
strength of the background impurity scattering (i.
e. ,increasing Ns) ,the difference betweenlq and
Mq and even betweenM: andM: can become smal-
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Fig.10 Quantum and transport mobilities (U4 andM
in the upper and lower panel) in different spin bran-
ches as afunction of the Rashba parameterQ at afixed
remote impurity concentration N; for different back-
ground impurity concentrations Np,  Here, ne is the
total electron density and s is the spacer distance.
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ler. Thisis mainly due to the fact that electronsin
a heterojunction interact more strongly with
background impurities, especially for small-angle
(or small q) scattering,as has been shown in Sec-
tion 6. These results confirm further that small-
angle scattering in a spin split 2D EG can reduce
the difference betweenpq andMq .

The dependence of Uq and M on total elec-
tron density ne is shown in Fig. 11 at a fixed re-
mote impurity density N: for different back-
ground impurity concentrations Nb». At high elec-
tron densities the difference between g and Mg
and betweenl{ andM: is suppressed because of a
small differencein the electron distributionin dif-
ferent spin branches (see Fig. 4). A significant
difference between Mq and Mg and between W
andMd¢ can be seen at low electron densities. The
quantum and transport mobilities increase rapidly
with increasing total electron density,similar to a
spin-degenerate 2D EG. Again,these mobilities de-
pend strongly on the strength of the background
impurity scattering although its concentration is
relatively low. It should be noted that in princi-
ple, the Rashba parameter 0 should depend on
sample parameters such as total electron density.
Usually @ increases with ne because a larger ne
corresponds to a stronger inversion asymmetry of
the confining potential. At relatively largerd and/
or smaller ne,the average transport mobility is
mainly determined by electronic transitions occur-
ring at the’ - ' spin branch because of the larger
electron density there. Moreover, the numerical
results presented here indicate that when n.= 10"

10”cm ?,the transport mobility y.= 10* 10°
cm®/ (V - s) if Nr  neand N <N, are taken into
consideration. This is in line with experimental
findings'"® .

In the presence of a DC driving field,the e-
lectronic transition caused by impurity scattering
in a spin split 2DEG has some unique features.
When the SOI is present ,the energy dispersion of
a 2DEG is no longer parabolic (see Eq. (3) and
Fig. 2) and the energy levels of different spin
branches depend strongly on k (wavevector or
momentum of an electron). In such a case, the
spin orientation can change continuously with the
momentum orientation when an electron moves in
k-space. Thus, the SOI can shift = branch of the
spectrum continuously in kspace instead of a
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Fig.11 Quantum and transport mobilities (44 andM
in the upper and lower panels) in different spin bran-
ches as a function of total electron density ne at a
fixed remote impurity concentration N, for different
background impurity concentrations Ny
the Rashba parameter and s is the spacer distance.

Here,d is

quantized spectrum in energy space for the usual
case. As a result, electrons are able to change
their spin orientation simply through momentum
exchange which can be more easily achieved than
that through energy exchange for the usual case.
These features are very favorable for separating
transport mobilitiesd: andM: determined by im-
purity scattering. However, an elastic and small-
angle scattering in a 2D EG cannot change signifi-
cantly the spin orientation of the conducting elec-
trons, because it requires only a small momentum
and energy exchange during a scattering event. On
the basis that a quantum mobility measures the
strength of the small-angle scattering, a small
difference between U4 and Mg can therefore be
expected.

One important conclusion drawn from this
theoretical study is that in spintronic systems such
as InGaAs/ InAlAs heterojunctions in which the
SOl is mainly induced by the Rashba effect ,small-
angle scattering induced by electron-impurity in-
teraction cannot alter significantly the spin orien-
tation of the electrons. To achieve a large ex-
change of the spin orientation in different spin
branches through electronic scattering in these
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systems, inelastic and/ or large-angle electronic
transitions have to be involved. This result is use-
ful in designing spintronic devices. It should be
further noted that at present there is no simple
experimental technique to measure the transport
mobilities in different energy levels of electronic
systems. However, recently developed ultrafast
optoelectronic techniques, such as femtosecond
pump-and-probe experiments, have been used to
determine lifetimes (or mobilities) of electronsin
different subbands in quantum-well structures’®’.
Although the lifetimes obtained from ultrafast
pump-and-probe experiments are not exactly the
same as the transport lifetimes (mobilities) dis
cussed in this paper,they are closely related and
are of the same order of magnitude. Our results
indicate that electronic transport lifetimes in dif-
ferent spin branches differ significantly at large
Rashba parameters or small electron densities;this
implies that they may be measured by femtosec-
ond pump-and-probe experiments. We hope this
will indeed be the case.

8 Concluding remarks

This study has developed a simple and tracta-
ble theoretical approach in dealing with spinde-
pendent electron distribution, electron-electron
interaction,and quantum and transport mobilities
in 2D EG systems in the presence of the spin-orbit
interaction (SOI) induced by the Rashba effect.
The important theoretical results obtained from
this study are summarized as f oll ows.

In the presence of SOI ,the energy separation
of the * spin branches is determined by the line-
ar-in- k term. As a result,a stronger effect of the
SOl on electron distribution, electron-electron
screening and quantum and transport mobilitiesin
different spin branches can be achieved in a sys-
tem with a larger Rashba parameter and/ or lower
total electron density. The theoretical results have
shown that over a wide range of sample parame-
ters such as total electron density and Rashba pa-
rameter , the quantum mobilities for electrons in
both * spin branches do not differ significantly,
inline with experimental findings. This effect can
be observed for electron interactions with remote
and background impurities in an InGaAs/ InAlAs
heterojunction. The main reason behind thisinter-

esting and important phenomenon is that the spin-
split electronic states and the SOl due to the
Rashba effect depend strongly on the electron
wavevector (or momentum) . For elastic electron
impurity scattering,the quantum mobility is deter-
mined by an electronic transitions involving small-
angle scattering or small momentum exchange.
Thus,small-angle scattering induced by an elec-
tromimpurity interaction does not significantly
change the spin transition of electronsin different
spin branches. Consequently, the resulting quan-
tum mobilities in different spin branches do not
differ significantly.

Because transport mobility is determined by
all possible electronic transition channels inclu-
ding large-angle scattering events, the contribu-
tion from the exchange of spin orientation in dif-
ferent spin branches, due to e. g. ,impurity scat-
tering,can result in a rather significant difference
in the transport mobilities in different spin bran-
ches. The theoretical results have shown that
when Nr ne and N: > Np is taken into account,
the obtained value of the average transport mobil-
ity is in line with the experimental data and the
quantum and transport mobilities depend strongly
on background impurity concentration N». We
have found that the electron distribution,screen-
ing length and quantum and transport mobilities
in different spin branches differ significantly for
strong values of . Recent experimental results
have shown that in InAs and InGaAs-based spin-
tronic systems,the Rashba parameter can reach up
tod= (3 4) x10" eV - m'™™"'. Together with the
fact that the strength of the SOI can be controlled
by gates'™ ,we expect that the theoretical predic-
tions in this paper will be tested in the near fu-
ture.
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